Analysis of antigen-specific T-cell populations by flow cytometry with peptide-MHC (pMHC) multimers is now commonplace. These reagents allow the tracking and phenotyping of T cells during infection, autoimmunity and cancer, and can be particularly revealing when used for monitoring therapeutic interventions. In 2009, we reviewed a number of 'tricks' that could be used to improve this powerful technology. More recent advances have demonstrated the potential benefits of using higher order multimers and of 'boosting' staining by inclusion of an antibody against the pMHC multimer. These developments now allow staining of T cells where the interaction between the pMHC and the T-cell receptor is over 20-fold weaker (K D > 1 mM) than could previously be achieved. Such improvements are particularly relevant when using pMHC multimers to stain anti-cancer or autoimmune T-cell populations, which tend to bear lower affinity T-cell receptors. Here, we update our previous work to include discussion of newer tricks that can produce substantially brighter staining even when using log-fold lower concentrations of pMHC multimer. We further provide a practical guide to using pMHC multimers that includes a description of several common pitfalls and how to circumvent them.
Introduction
The ab T-cell antigen receptor (TCR) allows T cells to inspect the proteome for anomalies by sampling peptide antigens cradled in either MHC class I or II molecules at the cell surface. 1, 2 The interaction between TCR and peptide-MHC (pMHC) is weak, and typically only lasts a few seconds. Multimerization of soluble pMHC can considerably extend the half-life of this interaction due to the avidity effect, 3 and can thereby produce reagents that stably adhere to the cell surface of T cells bearing a cognate TCR. Peptide-MHC multimers in the form of avidin-biotin-based pMHC tetramers were first used to stain T cells by Altman et al. in 1996 4 and have gone on to transform the analysis of antigen-specific T-cell populations. Peptide-MHC multimers have been used in many thousands of studies and spawned the generation of several commercial companies that sell various forms of these reagents. 3 Moreover, pMHC multimers can be used in conjunction with a cocktail of antibodies raised against other cell surface proteins. This enables co-staining of antigen-specific T cells and segregation into various phenotypic populations without the distortion associated with function-based profiling. [5] [6] [7] [8] [9] Such phenotyping can be informative on antigenexperience, effector function, and also location of original antigen encounter, thereby allowing researchers to begin to deconvolute the complexities of T-cell immunity.
Peptide-MHC multimers are most commonly linked to fluorochromes, and used to detect T cells by conventional flow cytometry, 10 although next-generation technology uses pMHC multimers and antibodies that are linked to rare metal ions (typically lanthanides), which are then detected via mass spectrometry (MS). 6, 7, 11 This cytometry by time of flight, or 'mass cytometry', offers several advantages over conventional fluorescent cell sorting, but also comes with some major disadvantages. One advantage of MS-based detection is that heavy metal ion-based detection is not limited to the~20 parameters possible 
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with conventional flow cytometers; metal-ion-conjugated antibodies and pMHC multimers could, in theory, be used to separate cells in over 100 dimensions. MS detection of heavy metal ions also allows greater sensitivity, and does not suffer from the spectral overlap or spreading error that is associated with detection of emission from fluorochromes. One major drawback of mass cytometry is that it does not yet allow cell sorting on the light-based properties of forward and side scatter. Furthermore, it incinerates cells, so making it impossible to collect them. These shortcomings mean that mass cytometry is unlikely to fully supplant conventional, fluorochrome-based cytometry for the analysis of antigenspecific T-cell populations. 11 
Limitations of pMHC multimer staining
Peptide-MHC multimers have excelled for analyses of pathogen-specific CD8 + T-cell responses, but their use for dissection of autoimmune or anti-cancer T cells or CD4 + T cells is less widespread. 3 We have demonstrated that the TCR-pMHC affinity required for pMHC tetramer binding exceeds that required for T-cell activation. 12 This difference in affinity threshold means that conventional pMHC tetramer staining can fail to detect functional T cells. [12] [13] [14] [15] Failure to stain cognate T cells that have a low affinity TCR is likely to be a more serious problem when pMHC multimers are used to stain self-specific (anti-cancer and autoimmune) T-cell populations, which tend to express lower affinity TCRs. 3, [16] [17] [18] [19] This issue is even greater when staining pMHCII-restricted T cells because the CD4 co-receptor, unlike the CD8 molecule, does not cooperate to aid TCR-pMHC binding. 3, [20] [21] [22] [23] [24] [25] [26] Evavold and colleagues recently highlighted the potential level of under-estimation of antigen-specific CD4 + T-cell populations when staining with pMHCII tetramers ex vivo.
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This study found a high prevalence of low-affinity pMHCII tetramer-negative effectors during polyclonal CD4 + T-cell responses, and demonstrated that myelin oligodendrocyte glycoprotein and lymphocyte choriomeningitis virus glycoprotein (61-80) CD4 + T-cell populations were under-estimated by eightfold and fourfold, respectively by pMHCII tetramer staining. We have further demonstrated that the majority of the Melan Aspecific CD8 + T cells in tumour-infiltrating lymphocyte (TIL) populations derived from malignant melanoma samples were not detected by conventional pMHC tetramer staining. 13 T-cell clones derived from these TILs that failed to stain by conventional pMHC tetramer staining were efficient killers of autologous tumour, indicating that pMHC tetramers missed fully functional cognate T cells. 13 These demonstrations highlight the pressing need to extend pMHC multimer technology to a point where it can be used to stain all T cells capable of responding to a given pMHC antigen. 13, 27 Fortunately, new developments in the last 12 months considerably lower the TCRpMHC affinity threshold required for efficient pMHC multimer staining. These, and other 'tricks' for improving staining with pMHC multimers are described below.
Materials and methods
This study aims to provide an appraisal of the tricks that can be used to produce enhanced staining of cognate T cells with pMHC multimers. We review a number of tricks below. The methodologies for these individual techniques have been published elsewhere as indicated. Here we apply these procedures to the staining of a number of different samples in order to demonstrate how they can be of benefit. We also detail the optimized staining protocol that we use in Cardiff within the results, and demonstrate what each step adds to the procedure. We therefore only document the materials used in this section.
Manufacture of pMHC tetramers and dextramers
The following streptavidin conjugates were used: streptavidin-allophycocyanin (APC) and -R-phycoerythrin (PE) (Life Technologies, Paisley, UK); streptavidin-brilliant violet (BV) 421 and -FITC. (Biolegend, London, UK). Peptide-MHC tetramer and dextramer were assembled as previously described. 13 Depending on experiment, either 0Á3 lg or 0Á5 lg (6 or 10 lg/ml) of tetramer or dextramer were used per stain, and equivalent amounts were used when tetramer and dextramer were being compared.
T-cell clones
The following HLA-A*0201 (HLA A2) -restricted CD8 + T-cell clones were used: ST8.24 and VB25D12.24, which recognize the peptide EAAGIGILTV, in addition to the heteroclitic version of the peptide, ELAGIGILTV, from Melan A (residues [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] 28,29 and were derived from TILs of a patient with stage IV malignant melanoma (patient MM909.24); GD.GIL influenza-specific clone which recognizes GILGFVFTL from the matrix protein (residues 58-66); 1E6, which was grown from a patient with type 1 diabetes 30 and recognizes the preproinsulin (PPI) epitope, ALWGPDPAAA (residues 15-24). 31 The CD4 + HLA-DRB*0101 (HLA DR1) clone, DCD10, which recognizes PKYVKQNTLKLAT (residues 307-319) from haemagglutinin of influenza A virus.
Antibody clones
Mouse anti-PE (clone PE001, BioLegend) and anti-APC (clone APC003, BioLegend) primary (1°) unconjugated monoclonal antibodies were used at a concentration of 10 lg/ml (0Á5 lg/test). Goat anti-mouse conjugated secondary (2°) antibodies (multiple adsorbed PE-or APC-conjugated immunoglobulin polyclonal; BD Biosciences, Oxford, UK) were used at 2 lg/ml (0Á1 lg/test). We used the violet LIVE/DEAD Fixable Dead Cell Stain, Vivid (Life Technologies). The following monoclonal antibodies were used as indicated for individual experiments: anti-CD8-PE and anti-CD8-APC (clone BW135/80; Miltenyi Biotec, Bergisch Gladbach, Germany); anti-CD3-peridinin chlorophyll protein (PerCP) (clone BW264/56; Miltenyi Biotec); anti-CD19-Pacific blue (clone HIB19; BioLegend); and anti-CD14-Pacific blue (clone M5E2; BioLegend). Anti-rat CD2-PE (clone OX34; BioLegend) was used to stain lentivirally transduced T cells.
Dasatinib
The protein kinase inhibitor (PKI), Dasatinib (Axon Medchem, VA), was reconstituted in dimethylsulphoxide (1 mM) and stored frozen in 5 ll one-use aliquots. Each 5 ll aliquot only costs < £0Á02 and makes enough reagent to treat 1000 samples (100 ll volume at 50 nM).
MEL5 TCR transduced CD8 T cells
The HLA A2-restricted Melan A-specific TCR MEL5 recognizes the natural 10-mer peptide, EAAGIGILTV. The TCR a and b chains 32 were cloned into the pELN third-generation lentivirus vector (a kind gift from James Riley, University of Pennsylvania). The pELN lentiviral vector contained a rat CD2 marker to determine the frequency of transduction, and the TCR a and b chains were separated by a 2A cleavage sequence. Integrase proficient lentivirus stocks were prepared by co-transfecting 293T/ 17 cells by calcium phosphate precipitation with the transfer vector and packaging plasmids -pRSV.REV (Addgene #12253), pMDLg/p.RRE (Addgene #12251) 33 and pCMV-VSV-G (Addgene #8454). 34 Supernatant was collected after 24-hr and 48-hr incubations, and the lentivirus stocks were concentrated by ultracentrifugation and used to transduce Dynabead (Life Technology) stimulated CD8 + T cells. The efficiency of lentivirus transduction was assessed by flow cytometry staining.
Results

Important tricks for improving staining efficiency
Several tricks for improving T-cell staining with pMHC multimers have been described and are reviewed elsewhere. 3 Here we detail the five most important tricks that we currently apply within our laboratory when staining antigenspecific T cells. These techniques are: (i) using a bright fluorochrome, (ii) inclusion of a PKI during staining, (iii) staining with anti-coreceptor antibody after staining with pMHC multimer, (iv) use of higher-order multimers, and (v) signal boosting with an anti-multimer antibody. The benefits of the latter two techniques were published in 2014. We refer the reader to our previous review 3 for a full list of tricks and a detailed explanation of the benefits of PKI and correct anti-coreceptor antibody usage.
Using bright fluorochromes
It stands to reason that, when high staining intensity with pMHC multimer is required, it is better to use reagents coupled to a bright fluorochrome. This aspect is irrelevant when using MS-based detection methodology, and is less important when using pMHC dextramers that can be constructed to carry multiple fluorochrome molecules and also work well with FITC. 13 Our favourite 'flavours' of pMHC multimers are constructed with PE and APC. We have found wide variations in the quality of these reagents between different manufacturers. We currently use fluorochrome-conjugated streptavidin from Life Technologies for pMHC tetramers. However, researchers should remain mindful of the fact that we have not exhaustively tested all of the various products on the market so there may be better preparations available. Quantum dots (Q-dots) offer a good way of making very bright and robust pMHC multimers. 35 Although we have used Q-dot pMHC multimers, we do not have extensive experience with these reagents. Corry and colleagues directly compared Q-dots and tetramers for staining the same sample, and while Qdots gave brighter staining in this comparison there was a noticeable staining of the general CD8 + cell population. 36 We have also noticed a similar phenomenon when some pMHC dextramers are used to stain some peripheral blood mononuclear cell (PBMC) populations. 13 Restriction of this non-specific staining to CD8 + T cells suggests that it is due to the avidity of pMHCI-CD8 interactions made possible with higher order multimers like Q-dots and dextramers. However, we remain unsure of why this background staining of CD8 + T-cell populations is only observed with some combinations of pMHC and PBMC. Figure 1 (a) shows staining of HLA A2-restricted, influenza-specific CD8 + T-cell clone GD.GIL with pMHC tetramer manufactured with identical biotinylated HLA A2-GILGFVFTL monomer, and streptavidin linked to FITC, PE, APC and BV421 (see Materials and methods for details). These reagents gave mean fluorescence intensities (MFI) of 474, 4545, 3886 and 3684, and staining indices of 5Á4, 52Á8, 44Á2 and 32Á3, respectively. The BV421 reagent gave a higher background than the other fluorochromes when staining a T-cell clone (Fig. 1a) and PBMC (see Supplementary material, Fig. S1 ). Indeed, at the time of writing this review a higher degree of background on PBMC with BV421 cytomegalovirus (CMV) tetramers, compared with PE tetramers, is displayed on the manufacturer's website. We do not know the reason for the increase of non-specific staining with the BV421-containing reagents, but with optimization its use may offer an alternative channel if those for PE and APC are being used for other cell markers.
The benefits of protein kinase inhibitors
Staining with pMHC multimers is critically dependent on the TCR density at the T-cell surface as effective capture of a pMHC multimer from solution requires that a second TCR engages further pMHC in the multimer during the duration of the first TCR-pMHC engagement, to establish an initial avidity effect. 3 TCRs are known to trigger and internalize after engaging cognate antigen, 37 and we have shown that pMHC tetramers can fail to stain anti-cancer and anti-human pancreatic b-cell T cells after these cells have been exposed to cognate antigen. 13, 14 Fortunately, TCR internalization can be inhibited by inclusion of a PKI, such as dasatinib for as little as 30 seconds before pMHC multimer staining, resulting in substantially enhanced staining intensities. 15 This increase in staining can be > 50-fold when TCR affinity is extremely low. 15 Incubation of T cells in 50 nM dasatinib for 60 min increases surface concentrations of both TCR and co-receptor at the cell surface. 15 We assume that this increase is due to inhibition of normal turnover of these molecules because of inhibited down-regulation. We recommend researchers to avoid repeated freeze-thawing of dasatinib by storing it as frozen one-use aliquots for use within 1 week of being defrosted. PKI treatment also enhances staining with higher-order multimers such as pMHC dextramers, 13 and has been used in conjunction with pMHC multimer detection by MS. 6 We now include dasatinib during pMHC multimer staining as a matter of routine. Inclusion of PKI prevents cellular activation, and so it is incompatible with function-based profiling techniques such as intracellular cytokine staining. Figure 1(b) shows that a fully functional T-cell clone, VB25D12.24, isolated from the TILs of a patient with Stage IV melanoma, recognizes Melan A peptide (left panel), and responds to autologous tumour (middle panel). However, the clone fails to stain with HLA A2-Melan A tetramer in the absence of PKI treatment (right panel). Nevertheless, the clone stains well with cognate tetramer after pre-treatment with 50 nM dasatinib for 30 min. These data serve to highlight what could be missed during regular pMHC tetramer staining without added 'tricks'. Figure 1(c) demonstrates the benefits of dasatinib when staining antigenspecific T cells in PBMC, the situation where they are most commonly used. Inclusion of 50 nM dasatinib increases by fourfold the number of cells detected when staining with HLA A2-Melan A tetramer.
The importance of anti-coreceptor antibody
Peptide-MHC multimers are normally used in conjunction with an antibody for the relevant T-cell co-receptor (anti-CD4 for pMHCII multimers, and anti-CD8 for pMHCI multimers). It is well established that some antibody clones can disrupt staining of cognate T cells, while some antibodies can augment the interaction of pMHC multimers with cell surface TCR. 22, 24, 25, [38] [39] [40] It is consequently preferable to use an anti-coreceptor antibody that aids pMHC multimer binding, or to stain with pMHC multimer before staining the T-cell co-receptor. 3 Figure 1(c) demonstrates that staining with CD8 antibody clone BW135/80, a clone we like to use in our laboratory, before staining of PBMC with HLA A2 Melan A tetramer, blocks staining in the absence of PKI and also reduces by half the number of cells that stain when PKI is included. The effects are less pronounced for an antiviral (cytomegalovirus) response, but there is still a reduction in the intensity of overall staining if anti-CD8 antibody is added first.
Higher valency pMHC multimers
We recently compared staining of antiviral, anticancer and autoimmune T cells with pMHC tetramers and pMHC dextramers. 13 Peptide-MHC dextramers are dextran-based multimers that can carry greater numbers of both pMHC and fluorochrome per molecule, due to the larger scaffold. When staining was compared, we found that dextramers stain more brightly than tetramers and outperformed them when TCR-pMHC affinity was low. Dextramers also outperformed tetramers with pMHC class II reagents where there was an absence of co-receptor stabilization. Importantly, we also found that staining with pMHC dextramers was additionally enhanced when PKI was included, demonstrating that the two techniques are compatible. 13 Figure 2 shows pMHC staining of a Melan A-specific T-cell clone, ST8.24, with a full range of conditions. Staining with dextramer + PKI was more than threefold brighter than with tetramer + PKI. Dextramers + PKI uncovered 25-fold more Melan A-specific cells when compared with regular tetramer staining of HLA A2 + PBMC (Fig. 5 ).
Signal boosting with antibodies
We have also recently made use of the ILA1 T-cell clone that recognizes the pseudo HLA A2-restricted hTERTderived epitope ILAKFLHWL, 41 and for which we have characterized a wide range of altered peptide ligands that act as agonists. These agonist peptides bind to HLA A2 equally well, but exhibit binding affinities for the ILA1 TCR that range from K D~3 lM to K D~2 mM by surface plasmon resonance. 12, 42 The weakest ligand, 8E, still acts as a good agonist of ILA1 T cells when supplied exogenously at a concentration of 1 lM, 12 ,42 yet binds to the TCR with a K D~2 mM by extrapolation of response units from surface plasmon resonance experiments. Until recently, we had failed to stain the ILA1 T-cell well with pMHC multimers made with HLA A2-ILAKFLHEL (8E), suggesting that even a combination of the techniques described above does not allow pMHC multimer staining with the very weakest TCR ligands. It has long been known that T cells rapidly internalize pMHC multimers when stained at room temperature or physiological temperatures. 43 Some internalization is also observed during regular staining protocols on ice when cells are not pre-chilled. 13 Treatment with a PKI, like dasatinib, prevents TCR triggering and internalization of the TCR and any pMHC multimer bound to it. 13, 15 We reasoned that this would leave pMHC multimers available at the T-cell surface for further signal boosting with anti-pMHC multimer antibody. In testing this hypothesis we discovered that just adding anti-multimer antibody during stains with pMHC dextramers or pMHC tetramers boosted the MFI of staining, and lowered the TCR-pMHC affinity that was amenable to detection with these reagents. Indeed, adding anti-PE antibody to staining with PE-conjugated tetramer in the presence of PKI boosted staining to a point where the ILA1 T-cell clone could be recovered from HLA A2 + PBMC using tetramer made with HLA A2-ILAKFLHEL, a ligand that binds to the cognate TCR with extremely low affinity (K D~2 mM).
14 This unexpected enhancement was shown to be the result of a substantial reduction in the off-rate of pMHC tetramer during the process of staining and washing before flow cytometric analysis.
14 This boost in staining is so powerful that it enabled brighter staining of cognate T cells, even when log-fold lower concentrations of pMHC multimer were used; thereby allowing for a considerable reduction in costs.
14 Further enhancements were observed when a fluorochrome-conjugated antibody against the original anti-pMHC multimer antibody was also included, or when pMHC dextramers were used. However, this extra level of enhancement is unlikely to be necessary during the vast majority of pMHC multimer stains. Staining of Melan A clone, ST8.24, with PE-conjugated pMHC dextramer in the presence of a 1°antibody increased the MFI of staining from 11261 to 34766 (Fig. 2) . Further inclusion of a PE-conjugated 2°antibody additionally increased staining to 65573, while the intensity of background staining with an irrelevant HLA A2 multimer remained unchanged at an MFI of~40. The benefits of signal boosting with antibody are also evident in Fig. 3(a) , where HLA A2 Melan A tetramer was used to stain cells that were lentivirally transduced with Melanspecific TCR MEL5, as described in the Materials and methods. The lentivirus also expressed rat CD2, allowing identification of transduced cells with PE-conjugated anti-rat CD2 antibody (Fig. 3a) . Transduced TCRs have to compete with the natural endogenous TCR for expression at the T-cell surface, such that the introduced TCR may be present at a low surface density. Low TCR density is also a problem during pMHC multimer staining of autoimmune or cancer-specific T cells that may have recently encountered their cognate antigen in vivo. 13, 14 Seventeen per cent of the transduced cells stained with APC-conjugated HLA A2-ELA-GIGILTV tetramer (Fig. 3a) ; this increased to 39% when PKI was included. Further addition of 1°, anti-APC antibody, or 1°anti-APC antibody + APC-conjugated 2°a ntibody increased this percentage to 53% and 65% of lentivirally transduced cells, respectively, and demonstrated the benefits of antibody boosting when surface TCR density is low. Furthermore, we recently showed that signal boosting with antibody can enhance the ability of tetramers to stain, and detect both autoimmune and CD4 + HLA class II restricted T cells. 14 Figure 3(b) shows tetramer staining of PBMC spiked with the HLA A2 restricted CD8 + T-cell clone, 1E6. This clone was derived from a patient with type I diabetes, 30 and has a TCR that binds weakly to a PPI-derived peptide (ALWGPDPAAA) with a K D of >200 lM. 31 This is a feature that often precludes the effective staining of autoimmune T cells when tetramers are used without 'tricks'. Tetramer in combination with PKI recovered 6% of 1E6 from the spiked PBMC, and addition of 1°a nti-PE antibody, alone or in combination with a PEconjugated 2°antibody, gave 100% recovery with clear 1E6 T-cell discrimination from non-specific CD8 + T cells (Fig. 3b) . The complete recovery of 1E6 with tetramer + 1°+ 2°antibodies was achievable with eightfold less tetramer compared with tetramer alone, an observation we had previously shown with even less tetramer (25-fold).
14 CD4 + HLA class II restricted T cells also present a challenge when staining with tetramers, due to a lack of co-receptor help from CD4 3 and possession of TCRs with weaker average affinities. 16 Figure 3c demonstrates that the addition of a 1°antibody, with or without a 2°antibody, enhances the staining of the HLA DR1 restricted influenza-specific clone, DCD10, with 1Á8-fold and 2Á8-fold increases in staining, respectively. We are currently exploring the advantages of using boosted MHC class II tetramers on anti-tumour CD4 + T-cell clones and ex vivo PBMC samples.
An optimized staining protocol
The techniques described above provide multiple ways to enhance staining with pMHC multimers. The most sensitive staining we have seen to date included use of: (i) bright fluorochrome, (ii) PKI, (iii) addition of anti-coreceptor antibody after pMHC multimer staining, (iv) higher order multimers (pMHC dextramers), (v) 1°anti-pMHC dextramer antibody, and (vi) fluorochrome-conjugated 2°antibody 14 as summarized in Fig. 2 . However, use of all these tricks together is well beyond what is necessary for most pMHC multimer stains. Since publishing the above tricks, we have been asked many times by other researchers to provide an optimal pMHC staining protocol. We provide our own optimized protocol in Fig. 4 , but in doing so we advise that researchers adjust their staining method using the above tricks so as to produce the best results in their own individual experimental systems.
The optimal pMHC multimer protocol will vary depending on the particular assay, the nature of the T cells and pMHC multimers being used. The tricks described above work well in conjunction, allowing researchers to tailor pMHC multimer staining to their own individual requirements. The most sensitive staining technique of using a bright fluorochrome using PKI and pMHC dextramers in conjunction with an anti-multimer 1°antibody and fluorochrome-conjugated 2°antibody (Fig. 2) is well beyond the requirements of most experiments. Inclusion of fluorochrome-conjugated 2°antibody adds expense, and the possibility of off-target staining due to the addition of fluorochrome that is not conjugated to pMHC; whereas pMHC dextramers are difficult to assemble in-house. Hence our own preferred standard protocol uses pMHC tetramers, PKI and anti-tetramer 1°antibody, as described in Fig. 4 (shown by the red arrows and text). This combination is sufficient for staining T cells with very-low TCR affinity (K D > 1 mM), and so is more than adequate for staining the vast majority of antigen-specific T cells. Store PKI in frozen working aliquots and make a fresh dilution weekly.
Remove aggregated reagent before use by spinning at full speed for 1 minute in a microfuge. Avoid aggregates when pipetting.
Follow manufacturers' instructions and optimise for your system/material
Optimise the amounts needed for your system/material * We assemble our pMHC mutimers 24 h in advance of an experiment. We store them in the dark and only for short periods (1-2 weeks). fold and 45-fold above standard pMHC tetramer staining without tricks, respectively. These data demonstrate the additive nature of these tricks when applied to pMHC multimer staining of PBMC.
Troubleshooting
Various issues can arise when staining with pMHC multimers and we are occasionally asked to try and troubleshoot issues for other laboratories. One of the commonest problems seems to arise due to aggregation of the pMHC multimer preparation. This problem can be quickly eliminated if pMHC multimer is spun in a microfuge at top speed for 1 min before use to precipitate any aggregates present. Figure 6 (a) shows a clean staining of HLA A2 + PBMC with spun HLA A2 Melan A tetramer adjacent to the identical stain with this reagent before spinning. In the absence of centrifugation there is considerable background in the CD8-negative cell population, in addition to some high intensity staining in the CD8 + population. Similar issues are also apparent, although to a lesser degree, when the same PBMC are stained with HLA A2-GILGFVFTL influenzaspecific reagents. It is also important to include a 'dump channel' during pMHC multimer analyses that eliminates dead/dying cells, B cells and CD14 + cells that can take up pMHC multimers non-specifically without the need for cognate TCR expression. Figure 6 (b) shows the staining of HLA A2 + PBMC with HLA A2-PPI and HLA A2-CMV tetramers (peptide sequences ALWGPDPAAA and NLVPMVATV, respectively) AE a viability stain, to demonstrate how dumping of dead and dying cells, as well as those capable of non-specific pMHC multimer uptake via macropinocytosis and other mechanisms, can substantially improve staining with pMHC multimers.
Detection of non-classical T cells
Recent advances have described how T cells are able to recognize lipid antigens in the context of CD1a, CD1b, CD1c and CD1d molecules, or bacterial metabolites in the context of MHC-related protein (MR)1.
1,2 Multimeric forms of CD1-lipid and MR1-metabolite can also be used to identify and phenotype the T cells that respond to these antigens. [44] [45] [46] [47] [48] [49] [50] [51] [52] TCR interactions with these non-classical ligands tend to be relatively robust, such that regular tetrameric versions of these molecules appear to stain cognate cells well. Nevertheless, it is likely that the application of higherorder multimers, PKI and signal boosting with antibodies (as described for conventional pMHC multimers) will enhance the intensity of staining, with concomitant poten- tial for also using less multimerized non-classical ligand during staining. It remains to be seen whether the application of more sensitive techniques to the staining of nonclassical T cells with multimeric ligands will lead to the discovery of new subsets of T cells.
Conclusions
Fluorochrome-conjugated pMHC multimers have already revolutionized the study of antigen-specific T cells. Until recently, the major problem with these reagents has been that the TCR affinity threshold required for pMHC multimer staining exceeded that required for T-cell activation, resulting in a failure to detect all T cells capable of responding to a particular pMHC. [12] [13] [14] [15] This problem is far more likely when staining anti-cancer T cells, autoimmune T cells, or MHC class II-restricted T cells, as such populations tend to bear TCRs with lower affinity for cognate antigen. 16, 17 There is a further issue caused by low TCR surface densities when staining T cells that have been recently exposed to antigen. 13, 14 Recent antigen exposure can occur naturally in vivo, or artificially during functional profiling following antigen exposure in vitro (e.g. intracellular cytokine staining). 13, 14 Newer developments including staining in the presence of PKI, 15 using higher order pMHC multimers, 13 and boosting staining by including anti-multimer antibody, 14 have lowered the TCR affinity required for effective pMHC multimer staining by > 20-fold, while increasing staining intensity. These advances enhance pMHC multimer technology to a point where it can be used to stain T cells where the affinity between the TCR and antigen exceeds a K D of 1 mM. 13 It remains to be determined whether this improvement takes pMHC multimer staining to a point where it stains all functional T cells and thereby allows these reagents to realize their full potential for immune monitoring. Recent addition of MS-based detection to pMHC multimer staining increases the number of cell surface molecules that can be studied simultaneously, and also circumvents the requirement for spectral overlap compensation during antibody phenotyping so increasing the power of this influential technology further still. 6, 11 Contemporary developments using pyrosequencing of TCRs to quantify T cells or inform on their function 53 are still far from routine, so we anticipate that pMHC multimers will continue to remain prominent for T-cell detection for many years to come. come Trust Career Development Fellow. Discovery of many of the cells and ligands used in this study was made possible by Biotechnology and Biological Sciences grant BB/H001085/1 awarded to AKS. KT is a Cardiff University Presidents Scholar. AL is funded by an MRC studentship. VB is funded by a Cancer Research Wales studentship. ST is a Breast Cancer Now funded PhD student. The pELN lentivirus packaging plasmid was a gift from James Riley. The 1E6 T-cell clone was grown by Ania Skowera while working in MP's laboratory. We thank Brian Evavold for critical assessment of our work.
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Additional Supporting Information may be found in the online version of this article: Figure S1 Comparison of phycoerythrin (PE) and brilliant violet (BV)-conjugated tetramers on peripheral blood mononuclear cells (PBMC). HLA A2 + PBMC + PKI were stained with Melan A (ELAGIGILTV) and influenza (flu) (matrix protein; GILGFVFTL) PE-conjugated and BV-conjugated tetramers. More background staining was evident on the CD8
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